
I--

<
t_
<
Z

TECHNICAL MEMORANDUM
X-85

OVEREXPANDED PERFORMANCE OF CONICAL NOZZLES

WITH AREA RATIOS OF 6 AND 9 WITH AND WITHOUT

SUPERSONIC EXTERNAL FLOW

Norman T. Musial and ]ames ]. Ward

Lewis Research Center

Cleveland, Ohio

<L. ::;:.i: 7 _. :Tt)i! C _ :q-t,-: TO
: :::_,:.:' ]FI.:?D

',ui_O2T_ i:l_SA LIST #1_ Dec 1, L,: t

-Y

%:] ..'_SS[]"It<IT: D_),.I!M! • bit - -F] LK ]rI_.'[ '_SIF[_]D

. he m:_b't" "_i ) ntalns inftrm_tlz:, _.ff_:tir_'g the n'tt _u_ qeIense ;f the United States wltkin $o m,,,_,,_in,7

_f tb , nF,! _naej,: la+,vs, 'flf2c :t, U.S.C., Se :s <,_9- _-nd ' L!,t, _ tra:_missl.:n or revelat!_m of wh'.=h !n axry

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

WASHINGTON September 1959

(.51





w w wv w_o

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL MEMORANDUM X-83

I

:,.)

0VEREXPANDED PERFORMANCE OF CONICAL NOZZLES WITH AREA RATIOS

OF 6 AND 9 WITH AND WITHOUT SUPERSONIC EXTERNAL FLOW*

By Norman T. Musial and James J. Ward

SUMMARY

An investigation of the thrust characteristics and internal pres-

sure distributions of two convergent-divergent 15 ° half-angle exhaust

nozzles having area ratios of 6 and 9 was made in the NASA Lewis !0- by

10-foot supersonic wind tunnel. The tests were conducted at free-stream

Mach numbers of 0j 2.0_ 2.5_ 5.0j and 5.5 over a range of nozzle pres-

sure ratios from 3 to 105. Attempts were made to induce separation of

the overexpanded nozzle flow using secondary airflow and a wedge.

Nozzle flow expansion under all free-stream conditions followed

one-dimensional theory until separation from the nozzle wall occurred.

In quiescent air the nozzle flow expanded to a pressure approximately

one-half the base pressure before separation. When the nozzles were

tested with supersonic external flow at the same effective pressure

ratios_ the nozzle flow separated with negligible expansion below the

base pressure. The effect of a supersonic stream on internal nozzle

flow separation characteristics was well defined only at a free-stream

Mach number of 2.0.

Thrust data at supersonic free-stream conditions indicate that

only a small percentage of the ideal nozzle thrust will be available at

nozzle pressure ratios below design. However_ the overexpanded primary

nozzle thrust loss was decreased by injecting large quantities of sec-

ondary air near the nozzle exit. In most cases no net gain in thrust

resulted from secondary-air injection when the nozzle thrust was com-

pared with the ideal thrust of both the primary and secondary airflows.

INTRODUCTION

For the nozzle pressure ratios available with air-breathing engines

at Mach numbers greater than 2.0_ it is advantageous to expand the flow

in a convergent-divergent exhaust nozzle. The thrust to be gained by

expanding the nozzle flow increases with nozzle pressure ratio_ however_

the performance of these nozzles operating in the overexpanded region

is poor.

*Title_ Unclassified.
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Quiescent air tests and wind tunnel tests (refs. i to 3) have in-
dicated overexpansion of the flow in the nozzle at pressure ratios lower
than design with a resultant thrust loss. In an effort to increase the
off-design thrust_ additional tests have been made(refs. 4 and 5) em-
ploying secondary air injection to induce separation in the nozzle.

The majority of data available_ however_ are for small-scale noz-
zles with area ratios on the order of 2 to 3. A very limited amount of
data exists for the off-design performance of large-scale convergent-
divergent nozzles in a supersonic stream. Consequently3 a test program
was conducted in the Lewis i0- by 10-foot supersonic wind tunnel to de-
termine the off-design performance of 15° half-angle conical nozzles
with area ratios of 6 and 9 (designated herein as area ratio 6 and area
ratio 9 nozzles). In addition, methods of increasing off-design thrust
were studied.

This report presents the internal pressure distribution and thrust
characteristics of the nozzles over a range of pressure ratios from 3
to 105 with free-stream Machnumbers of 0_ 2.0_ 2.5_ 3.0_ and 3.5. Also
included are results of attempts to increase off-design nozzle perform-
ance by secondary-air injection and by mechanical means.
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SYMBOLS

internal flow area_ sq ft

nozzle jet thrustj mV t + (Pt - Po)At + (P

ideal nozzle jet thrust_ mV e

thrust ratio

Mach number

mass flow

total pressure

static pressure

velocity

airflow

P0)dA, ib
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Subscripts:

b base

c nozzle entrance

e nozzle exit

i ideal

local

p primary

s secondary

t nozzle throat

0 free stream

APPARATUS AND PROCEDURE

A schematic diagram of the jet-exit model installed in the i0- by

10-foot supersonic wind tunnel is presented in figure i. Primary and

secondary air were supplied from a central high-pressure laboratory
source and introduced into the model through passages in the support

strut. The two air supplies were individually throttled by control

valves to the desired operating pressure. Airflows were measured with

standard ASME sharp-edged orifice plates ahead of the control valves.

Air entering the model was maintained at a temperature of approxi-

mately 500 ° R and a dewpoint of -20 ° to -30 ° F.

Details of the nozzle configurations investigated are presented

schematically in figure 2. Both nozzles had a 15 ° conical divergent

section faired to the throat by a circular arc. Nozzle i (fig. 2(a))

had an area ratio of 6_ a throat diameter of 5._2 inches_ and an on-

design nozzle pressure ratio of 63.2. Nozzle 2 (fig. 2(b)) had an area

ratio of 9_ a throat diameter of 4.39 inches_ and an on-design nozzle

pressure ratio of 117. The on-design nozzle pressure ratios were calcu-

lated on the basis of gamma equal to 1.4.

Internal nozzle pressure instrumentation consisted of two rows of

static-pressure orifices located on the top and bottom of the nozzles

exLending from the throat to the nozzle exit. Base pressures were

measured by static-pressure orifices located at the base annulus of

the model.
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The two regions indicated in figure Z(a) and the three regions in-
dicated in figure 2(b) represent areas of nozzle secondary air injec-
tion. In each region, secondary air was admitted through ninety 3/16-
inch-diameter holes. The holes were arranged in a spiral pattern to
ensure full coverage of the injection area and were drilled perpendicu-
lar to the nozzle centerline. Secondaryair was admitted through only
one of the regions in the nozzle at any given time. During the basic
nozzle tests the holes were filled.

In figure 2(c) the shadedarea indicates the position of an annular
wedge inserted in the divergent portion of the area ratio 6 nozzle. The
axial location of the wedgewasapproximately the sameas the upstream
secondary air injection region of the nozzle.

Nozzle thrust was determined by the pressure integration technique
(ref. 3). In this method_ the nozzle thrust is divided into two parts:
the theoretical sonic thrust at the throat and the pressure-area con-
tribution of the divergent portion of the nozzle. The sonic thrust is
calculated from the total momentumparameter at the throat assuming
isentropic one-dimensional flow. The thrust increment due to the
divergent portion of the nozzle is equal to the integration of local
wall static pressure minus free-stream static pressure on the projected
surface area. This thrust measurementtechnique neglects any nozzle
friction forces.

The pressure integration technique _¢asalso employed for the case
of secondary air injection near the nozzle exit. In this case3 the
area occupied by the injection holes was considered as contributing to
the nozzle thrust. The amount of error introduced because someof the
pressure measurementswere madein the region of air injection is be-
lieved to be small. This technique could not be used with secondary
air injection at the midstation or near the throat of the nozzle be-
cause of erratic indications of pressure in these areas.

Nozzle total pressure was calculated from static-pressure measure-
ments at the nozzle entrance and from the Machnumberat this station
as determined from continuity relations. The nozzle mass-flow coef-
ficient was on the order of 0.gg for both nozzles.
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RESULTS ANDDISCUSSION

Basic Nozzle Performance

The variation of nozzle pressure ratio with Mach number for a

typical ramjet-powered vehicle is presented in figure 3. As is shown_

the operating nozzle pressure ratio increases rapidly with free-stream
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Mach number. From figure 5 it may also be seen that the area ratio 6

and 9 nozzles would be applicable for ramjet operation at Mach numbers

of approximately 5.8 and _._ respectively.

Nozzle pressure distributions for the area ratio 9 nozzle at free-

stream Mach numbers of 0 and 2.0 to 5.5 are presented in figure 4. With

no external flow_ the pressure distributions follow the anticipated

quiescent air trends (fig. $(a)). At pressure ratios well below design,

the flow expands to a pressure that is approximately one-half the am-

bient base pressure and separates from the nozzle wall. The separation

is accompanied by a pressure rise to the base pressure.

Supersonic external flow causes a reduction in the nozzle base

pressure resulting in an increase in the pressure ratio across the

nozzle. As long as the pressure ratio is sufficiently high to maintain

unseparated flow throughout the nozzle_ the internal pressure distri-

bution is the same for all external Mach numbers and is close to the

one-dimensional pressure distribution (figs. 4(b) to (e)).

With Mach 2.0 external flow (fig. _(b)), pressure ratios low

enough to cause separation were investigated. Here the nozzle flow ex-

panded essentially only to base pressure and separated from the nozzle

wall at that value. It appears that for the range of nozzle pressure

ratios between 6.7 and 19.0, separation may have occurred at an up-

stream point in the nozzle followed by an immediate reattachment and

further expansion. It may also be seen from figure 4(b) that as the

pressure ratio increases from 6.7, the pressure distribution curves up-

stream of the point of final separation approach the one-dimensional

curve. Beyond a pressure ratio of 19_ however_ there is no further re-

duction of the local pressure ratio value. This phenomenon is well-

defined only with Mach 2.0 external flow.

Since the nozzle performance is strongly influenced by the pres-

sure existing at the nozzle exit_ data for a given nozzle pressure

ratio in quiescent air may be compared with data in a supersonic stream

at the same effective pressure ratio. The effective pressure ratio in

a supersonic stream is the ratio of nozzle total pressure to base pres-

sure. Thus; the curve for the square symbols in figure $(b)_

(Pc/Pb = ii.I) may be compared with the curve for the circle symbols of

figure _(a) (Pc/P0 = 11.8). This comparison indicates more overexpan-

sion of the nozzle flow for the data at quiescent conditions than in a

supersonic stream at the same effective pressure ratio. Unpublished

_SA data from a subsequent test with an area ratio 8 nozzle in a

supersonic stream indicate that a random pressure oscillation having

an amplitude of approximately twice the local nozzle static pressure

occurs near the point of separation. Such shock fluctuations may be

the cause of the marked difference in separation characteristics.
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The ratio of thrust determined by the pressure integration tech-

nique to the ideal thrust for the area ratio 9 nozzle is presented in

figure 5(a) as a function of nozzle pressure ratio for a range of free-

stream Mach numbers. The thrust ratios with supersonic external flow

agree with the values predicted by one-dimensional flow theory since

the nozzle flow follows one-dimensional expansion over the pressure

ratio range for which thrust data are presented. The thrust ratios for

pressure ratios below design are extremely low. For example_ at a free-

stream Mach number of 2.0 at which a ramjet operating pressure ratio of

G.O would be available the thrust ratio is about 0.15.

Quiescent-air thrust ratios are higher than the corresponding

thrust ratios obtained in a supersonic stream. In the latter case the

decreased base pressure causes the nozzle to operate greatly over-

expanded thereby increasing the thrust loss.

Thrust data for the area ratio G nozzle are presented in figure

5(b) for a range of nozzle pressure ratios and free-stream Mach numbers.

Again 3 the thrust ratio follows that predicted by one-dimensional flow

theory over the range investigated. In this case 3 at a free-stream

Mach number of 2.0 with a corresponding nozzle pressure ratio of 6.0j

the thrust ratio is 0.G0 3 indicating a much higher off-design thrust

than for the area ratio 9 nozzle. This occurs because the area ratio

6 nozzle is operating closer to design pressure ratio at this condition.

As with the area ratio 9 nozzle the quiescent air thrust ratios are

higher than the comparable data obtained with supersonic external flow.

I
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Nozzle Performance With Induced Flow Separation

Both mechanical and aerodynamic methods were employed to induce

nozzle flow separation at supersonic free-streamMach numbers. The

mechanical method involved the insertion of a metal wedge at approxi-

mately the Mach 2.0 station in the area ratio G nozzle (fig. 2(c)).

This disturbance_ however 3 appeared to have little effect_ as the noz-
zle flow reattached to the wall of the nozzle a short distance down-

stream of the wedge.

The aerodynamic method of inducing separation involved the use of

secondary air injection. Secondary air was injected into three regions

of the area ratio 9 nozzle and into two regions of the area ratio G

nozzle as indicated in figure 2. Typical nozzle pressure distribution

data obtained with secondary air injection in the area ratio 9 nozzle

are presented in figure G for a nozzle pressure ratio of approximately

i0.0 and a free-stream Mach number of 2.5. Also included for compari-

son are the pressure distribution data for no secondary flow. When air

was injected near the nozzle throat (fig. G(a)), some increase in
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static pressure was obtained near the region of injection indicating a

small thrust increase. Air injection midway along the divergent por-

tion of the nozzle (fig. 6(b)) caused a local static pressure rise with

some effect on the nozzle flow upstream of the area of injection. An

accurate measure of the increase in thrust could not be made in either

of these cases because of the erratic behavior of the static pressures

in the injection areas.

The largest increases in nozzle static pressure_ and therefore

nozzle thrust_ occurred when secondary air was injected near the nozzle

exit. Injection in this region increased the nozzle static pressure

over a large portion of the nozzle upstream of the point of injection

(fig. 6(c)). Nozzle thrust was calculated for this configuration using

the integration method.

The thrust ratios obtained with secondary air injected near the

exit are presented in figure 7 for the area ratio 9 nozzle as a function

of secondary airflow. Since the air-injection area was fixed_ the sec-

ondary airflow was controlled by varyin_ the secondary-air chamber pres-

sure. The ratio of secondary to primary chamber pressure reached a

value of 1.0 at an airflow ratio Ws/W _ of 0.175 and a maximum value

of 3.7 at an airflow ratio of 0.63. For the case in which the nozzle

jet thrust is compared with the ideal primary nozzle thrust Fi_p, it

is shown that an increase in thrust ratio occurs for all nozzle pressure

ratios_ however_ the rate of increase of thrust ratio with secondary

airflow decreases with increasing nozzle pressure ratio. Conversely

the thrust ratios obtained by including the ideal secondary airflow

thrust Fi_s_ in most cases decrease with increasing nozzle pressure

ratio. In only one instance_ M = 2.0 and Pc/PO = 7.0_ did the value

of this ratio exceed the value obtained with no secondary airflow.

The variation in thrust ratio slope occurs because of the difference

in separation characteristics between the high and low nozzle pressure

ratios. Air injection at low nozzle pressure ratio has the effect of

inducing separation of the nozzle flow at pressures near the exit base

pressure_ as is shown in figure 6(c). This phenomena is probably sim-

ilar to that observed at even lower nozzle pressure ratios with no sec-

ondary airflow (fig. 4(b)). At the higher nozzle pressure ratios_ the

nozzle flow separates in a manner similar to that observed with the

nozzle in quiescent air_ that is_ the nozzle flow expands below the exit

base pressure before separating from the nozzle wall. It is also ob-

served that_ at the lower nozzle pressure ratios with no secondary air-

flow_ the nozzle with injection holes open has a higher thrust ratio

than the nozzle with these holes filled.
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CONCLUDING REMARKS

From an experimental investigation of two convergent-divergent

exhaust nozzles having area ratios of 6 and 9 the following observations

can be made:

The nozzle flow expansion followed one-dimensional flow theory over

most of the nozzle pressure ratio range when the nozzles were operating

in a supersonic stream.

At pressure ratios well below design_ quiescent air data indicate

that the nozzle flow overexpands below base pressure. This over-

expansion is followed by a pressure rise to the base pressure. Nozzle

data with Mach number 2.0 external flow at the same effective nozzle

pressure ratio (in this case calculated from the base pressure) indicate

that the nozzle flow separates from the nozzle wall with negligible ex-

pansion below the base pressure.

During operation at nozzle pressure ratios below design in a super-

sonic stream_ the overexpanded primary nozzle thrust loss was decreased

by injection of large quantities of secondary air at the nozzle exit.

In most cases_ no net gain in thrust resulted from secondary-air injec-

tion when the nozzle thrust was compared with the ideal thrust of both

the primary and secondary airflows.
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Lewis Research Center

National Aeronautics and Space Administration

Cleveland; 0hio_ May I; 1959
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(a) Area ratio 6.0 nozzle.
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(b) Area ratio 9.0 nozzle.

Figure 2. - Schematic diagram of nozzles, including pressure instrumentation,

secondary-alr injection regions_ and annular wedge position. (Dimensions
in inches.)
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(c) Area ratio 6.0 nozzle with annular wedge inserted.

Figure 2. - Concluded. Schematic diagram of nozzles, including

pressure iustrumentation_ secondary-air injection regions, and

annular wedge position. (Dimensions in inches.)
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OVEREXPANDED PERFORMANCE OF CONICAL NOZZLES WITH AREA RATIOS

OF 6 AND 9 WITH AND WITHOUT SUPERSONIC EXTERNAL FLOW*

By Norman T. Musial and James J. Ward

SUMMARY

An investigation of the thrust characteristics and internal pres-

sure distributions of two convergent-divergent 15 ° half-angle exhaust

nozzles having area ratios of 6 and 9 was made in the NASA Lewis !0- by

lO-foot supersonic wind tunnel. The tests were conducted at free-stream

Mach numbers of 0_ 2.0_ 2.5, 3.03 and 3.5 over a range of nozzle pres-

sure ratios from 3 to 105. Attempts were made to induce separation of

the overexpanded nozzle flow using secondary airflow and a wedge.

Nozzle flow expansion under all free-stream conditions followed

one-dimensional theory until separation from the nozzle wall occurred.

In quiescent air the nozzle flow expanded to a pressure approximately

one-half the base pressure before separation. When the nozzles were

tested with supersonic external flow at the same effective pressure

ratios_ the nozzle flow separated with negligible expansion below the

base pressure. The effect of a supersonic stream on internal nozzle

flow separation characteristics was well defined only at a free-stream

Mach number of 2.0.

Thrust data at supersonic free-stream conditions indicate that

only a small percentage of the ideal nozzle thrust will be available at

nozzle pressure ratios below design. However_ the overexpanded primary

nozzle thrust loss was decreased by injecting large quantities of sec-

ondary air near the nozzle exit. In most cases no net gain in thrust

resulted from secondary-air injection when the nozzle thrust was com-

pared with the ideal thrust of both the primary and secondary airflows.

INTRODUCTION

For the nozzle pressure ratios available with air-breathing engines

at Mach numbers greater than 2.0_ it is advantageous to expand the flow

in a convergent-divergent exhaust nozzle. The thrust to be gained by

expanding the nozzle flow increases with nozzle pressure ratio_ however_

the performance of these nozzles operating in the overexpanded region

is poor.

*Title, Unclassified.
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Quiescent air tests and wind tunnel tests (refs. i to 3) have in-

dicated overexpansion of the flow in the nozzle at pressure ratios lower

than design with a resultant thrust loss. In an effort to increase the

off-design thrust_ additional tests have been made (refs. 4 and S) em-

ploying secondary air injection to induce separation in the nozzle.

The majority of data availab!e_ however_ are for small-scale noz-

zles with area ratios on the order of 2 to 3. A very limited amount of

data exists for the off-design performance of large-scale convergent-

divergent nozzles in a supersonic stream. Consequently_ a test program

was conducted in the Lewis I0- by lO-foot supersonic wind tunnel to de-

termine the off-design performance of 15 ° half-angle conical nozzles

with area ratios of 6 and 9 (designated herein as area ratio 6 and area

ratio 9 nozzles). In addition, methods of increasing off-design thrust
were studied.

This report presents the internal pressure distribution and thrust

characteristics of the nozzles over a range of pressure ratios from 3

to 105 with free-streamMach numbers of O_ 2.0_ 2.5_ 3.0; and Z.S. Also

included are results of attempts to increase off-design nozzle perform-

ance by secondary-air injection and by mechanical means.

I

DO
O
CO

A

F

Fi

(F/F i )

M

m

P

P

V

w

SYMBOLS

internal flow area; sq ft

nozzle jet thrust 3 mVt + (Pt - Po)AL + (P - PO) dA,

ideal nozzle jet thrust 3 mV e

thrust ratio

Math number

mass flow

total pressure

static pressure

velocity

airflow

ib
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Subscripts:

b base

c nozzle entrance

e nozzle exit

i ideal

local

p primary

s secondary

t nozzle throat

0 free stream

APPARATUS AND PROCEDURE

A schematic diagram of the jet-exit model installed in the i0- by

10-foot supersonic wind tunnel is presented in figure i. Primary and

secondary air were supplied from a central high-pressure laboratory
source and introduced into the model through passages in the support

strut. The two air supplies were individually throttled by control

valves to the desired operating pressure. Airflows were measured with

standard ASME sharp-edged orifice plates ahead of the control valves.

Air entering the model was maintained at a temperature of approxi-

mately 500 ° R and a dewpoint of -20 ° to -30 ° F.

Details of the nozzle configurations investigated are presented

schematically in figure 2. Both nozzles had a 15 ° conical divergent

section faired to the throat by a circular arc. Nozzle i (fig. 2(a))

had an area ratio of 6_ a throat diameter of 5.42 inches_ and an on-

design nozzle pressure ratio oi_ 63.2. Nozzle 2 (fig. Z(b)) had an area

ratio of 9_ a throat diameter of 4.39 inches, and an on-design nozzle

pressure ratio of i17. The on-design nozzle pressure ratios were calcu-

lated on the basis of gamma equal to 1.4.

Internal nozzle pressure instrumentation consisted of two rows of

static-pressure orifices located on the top and bottom of the nozzles

extending from the throat to the nozzle exit. Base pressures _ere

measured by static-pressure orifices located at the base annulus of

the model.
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The two regions indicated in figure 2(a) and the three regions in-
dicated in figure Z(b) represent areas of nozzle secondary air injec-
tion. In each region, secondary air was admitted through ninety 3/16-
inch-diameter holes. The holes were arranged in a spiral pattern to
ensure full coverage of the injection area and were drilled perpendicu-
lar to the nozzle centerline. Secondary air was admitted through only
one of the regions in the nozzle at any given time. During the basic
nozzle tests the holes were filled.

In figure 2(c) the shadedarea indicates the position of an annular
wedge inserted in the divergent portion of the area ratio 6 nozzle. The
axial location of the wedgewas approximately the sameas the upstream
secondary air injection region of the nozzle.

Nozzle thrust was determined by the pressure integration technique
(ref. 3). In this method_ the nozzle thrust is divided into two parts:
the theoretical sonic thrust at the throat and the pressure-area con-
tribution of the divergent portion of the nozzle. The sonic thrust is
calculated from the total momentumparameter at the throat assuming
isentropic one-dimensional flow. The thrust increment due to the
divergent portion of the nozzle is equal to the integration of local
wall static pressure minus free-stream static pressure on the projected
surface area. This thrust measurementtechnique neglects any nozzle
friction forces.

The pressure integration technique was also employed for the case
of secondary air injection near the nozzle exit. In this case_ the
area occupied by the injection holes was considered as contributing to
the nozzle thrust. The amount of error introduced because someof the
pressure measurementswere madein the region of air injection is be-
lieved to be small. This technique could not be used with secondary
air injection at the midstation or near the throat of the nozzle be-
cause of erratic indications of pressure in these areas.

Nozzle total pressure was calculated from static-pressure measure-
ments at the nozzle entrance and from the Machnumberat this station
as determined from continuity relations. The nozzle mass-flow coef-
ficient was on the order of 0.99 for both nozzles.

!

O
co

RESULTS ANDDISCUSSION

Basic Nozzle Performance

The variation of nozzle pressure ratio with Mach number for a

typical ramjet-powered vehicle is presented in figure 3. As is shown_

the operating nozzle pressure ratio increases rapidly with free-stream
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Machnumber. From figure 3 it may also be seen that the area ratio 6
and 9 nozzles would be applicable for ramjet operation at Machnumbers
of approximately 3.8 and 4.4_ respectively.

Nozzle pressure distributions for the area ratio 9 nozzle at free-
stream Machnumbers of 0 and 2.0 to 3.5 are presented in figure 4. With
no external flow_ the pressure distributions follow the anticipated
quiescent air trends (fig. _(a)). At pressure ratios well below design,
the flow expands to a pressure that is approximately one-half the am-
bient base pressure and separates from the nozzle wall. The separation
is accompaniedby a pressure rise to the base pressure.

Supersonic external flow causes a reduction in the nozzle base
pressure resulting in an increase in the pressure ratio across the
nozzle. As long as the pressure ratio is sufficiently high to maintain
unseparated flow throughout the nozzle_ the internal pressure distri-
bution is the samefor all external Machnumbers and is close to the
one-dimensional pressure distribution (figs. _(b) to (e)).

With Mach2.0 external flow (fig. _(b)), pressure ratios low
enough to cause separation were investigated. Here the nozzle flow ex-
panded essentially only to base pressure and separated from the nozzle
wall at that value. It appears that for the range of nozzle pressure
ratios between 6.1 and 19.0_ separation may have occurred at an up-
stream point in the nozzle followed by an immediate reattachment and
further expansion. It mayalso be seen from figure 4(h) that as the
pressure ratio increases from 6.7_ the pressure distribution curves up-
stream of the point of final separation approach the one-dimensional
curve. Beyond a pressure ratio of 19_ however3 there is no further re-
duction of the local pressure ratio value. This phenomenonis well-
defined only with Mach2.0 external flow.

Since the nozzle performance is strongly influenced by the pres-
sure existing at the nozzle exit_ data for a given nozzle pressure
ratio in quiescent air may be comparedwith data in a supersonic stream
at the sameeffective pressure ratio. The effective pressure ratio in
a supersonic stream is the ratio of nozzle total pressure to base pres-
sure. Thus3 the curve for the square symbols in figure _(b)_
(Pc/Pb = ii.I) may be comparedwith the curve for the circle symbols of
figure _(a) (Pc/P0 = ii.8). This comparison indicates more overexpan-
sion of the nozzle flow for the data at quiescent conditions than in a
supersonic stream at the sameeffective pressure ratio. Unpublished
NASAdata from a subsequent test with an area ratio 8 nozzle in a
supersonic stream indicate that a randompressure oscillation having
an amplitude of approximately twice the local nozzle static pressure
occurs near the point of separation. Such shock fluctuations maybe
the cause of the marked difference in separation characteristics.
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The ratio of thrust determined by the pressure integration tech-

nique to the ideal thrust for the area ratio 9 nozzle is presented in

figure 5(a) as a function of nozzle pressure ratio for a range of free-

stream Mach numbers. The thrust ratios with supersonic external flow

agree with the values predicted by one-dimensional flow theory since

the nozzle flow follows one-dimensional expansion over the pressure

ratio range for which thrust data are presented. The thrust ratios for

pressure ratios below design are extremely low. For example 3 at a free-

stream Mach number of 2.0 at which a ramjet operating pressure ratio of

6.0 would be available the thrust ratio is about 0.15.

Quiescent-air thrust ratios are higher than the corresponding

thrust ratios obtained in a supersonic stream. In the latter case the

decreased base pressure causes the nozzle to operate greatly over-

expanded thereby increasing the thrust loss.

Thrust data for the area ratio 6 nozzle are presented in figure

5(b) for a range of nozzle pressure ratios and free-streamMach numbers.

Again 3 the thrust ratio follows that predicted by one-dimensional flow

theory over the range investigated. In this case 3 at a free-stream

Mach number of 2.0 with a corresponding nozzle pressure ratio of 6.03

the thrust ratio is 0.603 indicating a much higher off-design thrust

than for the area ratio 9 nozzle. This occurs because the area ratio

6 nozzle is operating closer to design pressure ratio at this condition.

As with the area ratio 9 nozzle the quiescent air thrust ratios are

higher than the comparable data obtained with supersonic external flow.

!
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Nozzle Performance With Induced Flow Separation

Both mechanical and aerodynamic methods were employed to induce

nozzle flow separation at supersonic free-stream Mach numbers. The

mechanical method involved the insertion of a metal wedge at approxi-

mately the Mach 2.0 station in the area ratio 6 nozzle (fig. 2(c)).

This disturbance_ however 3 appeared to have little effect_ as the noz-

zle flow reattached to the wall of the nozzle a short distance down-

stream of the wedge.

The aerodynamic method of inducing separation involved the use of

secondary air injection. Secondary air was injected into three regions

of the area ratio 9 nozzle and into two regions of the area ratio 6

nozzle as indicated in figure 2. Typical nozzle pressure distribution

data obtained with secondary air injection in the area ratio 9 nozzle

are presented in figure 6 for a nozzle pressure ratio of approximately

i0.0 and a free-stream Mach number of 2.5. Also included for compari-

son are the pressure distribution data for no secondary flow. When air

was injected near the nozzle throat (fig. 6(a)) 3 some increase in
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static pressure was obtained near the region of injection indicating a

small thrust increase. Air injection midway along the divergent por-

tion of the nozzle (fig. 6(b)) caused a local static pressure rise with

some effect on the nozzle flow upstream of the area of injection. An

accurate measure of the increase in thrust could not be made in either

of these cases because of the erratic behavior of the static pressures

in the injection areas.

The largest increases in nozzle static pressurej and therefore

nozzle thrust, occurred when secondary air was injected near the nozzle

exit. Injection in this region increased the nozzle static pressure

over a large portion of the nozzle upstream of the point of injection

(fig. 6(c)). Nozzle thrust was calculated for this configuration using

the integration method.

The thrust ratios obtained with secondary air injected near the

exit are presented in figure 7 for the area ratio 9 nozzle as a function

of secondary airflow. Since the air-injection area was fixed, the sec-

ondary airflow was controlled by varying the secondary-air chamber pres-

sure. The ratio of secondary to primary chamber pressure reached a

value of 1.0 at an airflow ratio Ws/W p of 0.175 and a maximum value

of 3.7 at an airflow ratio of 0.63. For the case in which the nozzle

jet thrust is compared with the ideal primary nozzle thrust Fi_p, it

is shovm that an increase in thrust ratio occurs for all nozzle pressure

ratios_ however_ the rate of increase of thrust ratio with secondary

airflow decreases with increasing nozzle pressure ratio. Conversely

the thrust ratios obtained by including the ideal secondary airflow

thrust Fi_s_ in most cases decrease with increasing nozzle pressure

ratio. In only one instance_ M = 2.0 and Pc/PO = 7.0_ did the value

of this ratio exceed the value obtained with no secondary airflow.

The variation in thrust ratio slope occurs because of the difference

in separation characteristics between the high and low nozzle pressure

ratios. Air injection at low nozzle pressure ratio has the effect of

inducing separation of the nozzle flow at pressures near the exit base

pressure, as is shown in figure 6(c). This phenomena is probably sim-

ilar to that observed at even lower nozzle pressure ratios with no sec-

ondary airflow (fig. 4(b)). At the higher nozzle pressure ratios, the

nozzle flow separates in a manner similar to that observed with the

nozzle in quiescent air_ that is_ the nozzle flow expands below the exit

base pressure before separating from the nozzle wall. It is also ob-

served that_ at the lower nozzle pressure ratios with no secondary air-

flow, the nozzle with injection holes open has a higher thrust ratio
than the nozzle with these holes filled.
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CONCLUDING REMARKS

From an experimental investigation of two convergent-divergent

exhaust nozzles having area ratios of 6 and 9 the following observations
can be made:

The nozzle flow expansion followed one-dimensional flow theory over

most of the nozzle pressure ratio range when the nozzles were operating
in a supersonic stream.

At pressure ratios well below design; quiescent air data indicate

that the nozzle flow overexpands below base pressure. This over-

expansion is followed by a pressure rise to the base pressure. Nozzle

data with Mach number 2.0 external flow at the same effective nozzle

pressure ratio (in this case calculated from the base pressure) indicate

that the nozzle flow separates from the nozzle wall with negligible ex-

pansion below the base pressure.

During operation at nozzle pressure ratios below design in a super-

sonic stream_ the overexpanded primary nozzle thrust loss was decreased

by injection of large quantities of secondary air at the nozzle exit.

In most cases; no net gain in thrust resulted from secondary-air injec-

tion when the nozzle thrust was compared with the ideal thrust of both

the primary and secondary airflows.

I

o
CO

Lewis Research Center

National Aeronautics and Space Administration

Cleveland_ Ohio; May i; 1959
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Figure 2. - Schematic diagram of nozzles_ including pressure instrumentation,

secondary-air injection regions_ and annular wedge position. (Dimensions

in inches.)
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(c) Area ratio 6.0 nozzle with annular wedge inserted.

Figure 2. - Concluded. Schematic diagram of nozzles, including

pressure instrumentation_ secondary-air injection regions_ and

annular wedge position. (Dimensions in inches.)
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